Kevin Craig graduated from the United States Military Academy, West Point, NY, with a B.S. degree and a commission as an officer in the U.S. Army. He received the M.S., M.Phil., and Ph.D. degrees from Columbia University, NY. He worked in the mechanical-nuclear design department of a major engineering firm in NYC and taught and received tenure at both the U.S. Merchant Marine Academy and Hofstra University. While at Hofstra, he received the 1987 ASEE New Engineering Educator Excellence Award, a national honor. From 1989From -2008, as a tenured full professor of mechanical engineering at Rensselaer Polytechnic Institute, he developed the mechatronics teaching and research program focusing on humancentered, model-based design with a balance between theory and industry best practices. He collaborated extensively with the Xerox Mechanical Engineering Sciences Laboratory (MESL), an offshoot of Xerox PARC, during this time. At Rensselaer, he graduated 37 M.S. students and 20 Ph.D. students, and authored over 30 refereed journal articles and over 50 refereed conference papers. In 2006 at RPI, he received the two highest awards conferred for teaching: the RPI School of Engineering Education Excellence Award and the RPI Trustees' Outstanding Teacher Award. Over the past 20 years, he has conducted hands-on, integrated, customized, mechatronics workshops for practicing engineers nationally and internationally, e.g., at Xerox, Procter & Gamble, Rockwell Automation, Siemens Healthcare Diagnostics, Fiat, Tetra Pak, Johnson Controls, and others. He is a Fellow of the ASME and a member of the IEEE and ASEE. In January 2008, he joined the faculty of the Marquette University College of Engineering as Professor of Mechanical Engineering and the Robert C. Greenheck Chair in Engineering Design, a $5M endowed chair. He was given the 2013 ASEE North-Midwest Best Teacher Award and the 2014 ASME Outstanding Design Educator Award, a society award. In the fall of 2014, he returned to the Hofstra University School of Engineering and Applied Science as a tenured full professor of mechanical engineering. He is the Director of the $1M Robotics and Advanced Manufacturing Laboratory, and also the Director of the Center for Innovation, a new center created to collaborate with business and industry to foster innovation where all intellectual property (IP) belongs to the sponsor.
Introduction
If a young person wants to be a complete baseball player, he or she must be able to field, throw, run the bases, hit, and hit with power, and all these skills must be applied in an actual baseball game. To achieve this goal, he or she learns all these skills at the same time, improving gradually in each one while playing actual games and, over time, develops into a complete baseball player. The result is more than just the sum of the skills learned, but a competence that makes him/her a winner.
In multidisciplinary engineering practice, a model-based design approach is essential and the necessary skill set includes modeling and analysis of multidisciplinary dynamic engineering systems, including their digital control systems and their sensors and actuators with the necessary electronics. Theory and practice must be in union when mastering these skills. "Playing a complete game" means putting these skills together (either virtually in a computer simulation or physically with hardware) to create a system to solve a problem. Unfortunately, this rarely happens in engineering education 1 . Separate courses are devoted to each skill and the implicit expectation is that learning each skill very well will directly enable the student to critically think, integrate it all, and solve a real-world problem after graduation. In the baseball analogy, this expectation is easily seen as unreasonable, yet it is routine in engineering education.
The present situation is that undergraduate engineering education is suboptimal in preparing students for multidisciplinary, model-based system integration and optimization. Optimized multidisciplinary systems are exactly what is needed by companies to become innovative and gain a competitive advantage in today's global economy. While there is some movement in engineering education to change that, this change is not easy, as it involves a cultural change from the silo 2 approach to a holistic approach. Examples of such effort are seen from the works of Chambers et al. 3 , Jovanovic et al. 4 , and Herniter, et al. 5 who have implemented model-based design in individual coursework. Without model-based design, the ABET-required senior capstone multidisciplinary design course too often becomes a design-build-test exercise with the emphasis on merely getting something done. Students rarely break out of their disciplinary comfort zone and thus fail to experience true multidisciplinary system, model-based design.
What is needed are model-based design activities, which include both theory and practice, academic rigor and the best practices of industry, presented in an integrated way throughout the engineering curriculum that prepares students for true multidisciplinary system, model-based engineering prevalent in industry. The mechanical engineering curriculum is well suited for this implementation, as it is a broad engineering discipline. Furthermore, practical implementation can be achieved because many mechanical engineering programs are separate departments with some level of autonomy.
Currently, the top two drivers in industry for improving the development processes are shorter product-development cycles and increased customer demand for higher performance. As engineering systems are becoming ever more multidisciplinary and complex, undergraduate engineering curriculum must evolve in order to continue to meet these goals at the same time. Challenges inhibiting modern product development fall into two categories: (1) the multi-domain nature of the complete system and integration of the domains, and (2) finding errors early in the development cycle and testing before hardware is available. Once a system is in development, correcting a problem costs 10 times as much as fixing the same problem in concept. If the system has been released, it costs 100 times as much.
These challenges are addressed by The Engineering System Design Process (Figure 1 ). Through system modeling and simulation, the systematic process facilitates: understanding the behavior of the proposed system concept, optimizing the system design parameters, developing local and supervisory optimal control algorithms, testing control algorithms under various scenarios, and qualifying the production controller with a simulated version of the plant running in real time (hardware-in-the-loop testing), before connecting it to the real plant. The Engineering System Design Process provides an environment that is rich with numerical and graphical analysis and design tools that stimulate innovation and cooperation within design teams. It aims to reduce the risk of not meeting the functional requirements by enabling early and continuous verification throughout the entire design workflow. So what actually is model-based design and why is it the key to multidisciplinary engineering practice? A physical model of a design concept, based on simplifying assumptions (which change as the project progresses and one learns better what effects matter more than others), is created. This is an approximation of the real system and a hierarchy of models is possible depending on the reason for modeling (see Figure 2) . Laws of nature (e.g., Newton's Laws, Maxwell's Equations) are applied to the model, along with component model equations, to generate the equations of motion for the multidisciplinary engineering system. These equations -nonlinear and coupled -are solved with Simulink, SimMechanics, SimHydraulics, LabVIEW, etc. to predict how the model will behave when various inputs -desired and disturbance -are applied. These predictions are then verified either from experience or by some experimental testing. A control system is then designed based on this system model. The controlled system is simulated and again predictions need to be verified. At that point, changes can be made either to the system design or to the control design, as nothing has been built yet. Once a design -system + control -meets the performance requirements, then assumptions can be relaxed and parasitic effects can be added to bring the model as close to reality as possible. Response and actuation plots, are the deliverables, along with model equations and the accompanying block diagrams.
Figure 2. Design model simplification spectrum
If this is not done, then the only alternative is to the take the concept, which existed only in animation form with no substance, and build it hoping for the best. How does one create this system without modeling? The only answer is -let's build it and see if it works. If one has done this before and has a lot of experience, that approach may be successful. But, if something happens that is not understood or there is a need to improve the performance of the system, there is no way to do that other than by trial and error and that leads to huge cost and still no understanding. In the end, the deliverable is a working system along with a complete understanding of how the system works, so in the future it can be improved with minimal effort because one already understands how it works.
Detailed course descriptions of curriculum progression
This paper shows how model-based system design, as has been described, is integrated in selected courses in all four years of the Mechanical Engineering undergraduate curriculum. The courses where this has been implemented are presented in Table 1 and are required courses for all students working toward a Bachelor's of Science in Mechanical Engineering. This approach is the model-based design counterpart to the "Design Spine" discussed by Sheppard et al. 6 who rethought the curriculum at Stevens Institute of Technology to emphasize design throughout all four years. An initial cohort of freshman engineering students started the proposed model-based design sequence in the fall 2015 semester. Assessment and performance of the program will be reported when appropriate numbers of students have completed the full sequence. Senior "Capstone" Design -
Engineering Problem Solving with MATLAB -Year 1
Typically, in the freshman year of most engineering curricula, students take a computer programming course taught out of context with respect to real-world purpose, including many details that are quickly forgotten. The proposed course is motivated by real-world challenges arising from everyday physics applications. Emphasis is placed on engineering problem solving, similar to a course outlined by Morrell 7 , using the computer and computer programming as a tool for analysis and real-time applications, i.e., measurement and control. The philosophy of integrating MATLAB programming to solve problems is illustrated in Figure 3 which also acts as a rough week-by-week outline of the course. Everyday physics are used to inspire student curiosity to develop models of systems from topics which include: (1) machines and structures, (2) electricity and magnetism, (3) fluids and motion, and (4) heat engines and pumps. While problem solving and model creation are discussed, programming concepts and MATLAB syntax are introduced as tools to ease the burden on the engineer. Focused discussion is placed on the concept of feedback control because of its pervasiveness in almost every engineering system. Emphasis is always on making simplifying assumptions to create a physical model, an approximation of the actual physical system, to which the laws of nature can be applied to create the mathematical model. The laws of nature cannot be applied to the physical system; there is much too much detail present and so much that is not understood. The very crux of engineering analysis and the hallmark of every successful engineer is the ability to make shrewd and viable approximations which greatly simplify the system and still lead to a rapid, reasonably accurate prediction of its behavior. One such model studied in the course is projectile motion. Most freshman engineering students are familiar with projectile motion from high school or freshman level introductory physics courses. This familiarity is important as the student's mind should not be overwhelmed with complex physical systems while trying to grasp the problem solving process and MATLAB syntax. Students learn to write a MATLAB script which utilizes a for loop to solve the trajectory of a baseball both with and without air resistance. Such a problem highlights the effect assumptions play in the problem solving process as the trajectory is greatly reduced with the addition of a drag force. In addition, the inclusion of drag into the equations of motion complicates them to such a level which warrant use of numerical techniques and the need for MATLAB programming. The interested reader is directed to a companion paper by the authors which elaborates on the assignments of the course 8 .
Engineering Dynamics -Year 2
When taking a new engineering course, students always ask how the course fits in their overall engineering education and why the course is important. Engineers are either analyzing existing systems or designing new ones, usually as an improvement of some existing system. When confronted with an engineering system that one needs to understand and possibly improve, there are two actions an engineer can take: measure the system or model the system. This course deals with the physical and mathematical modeling of mechanical dynamic systems, components, and devices, represented as a rigid body, or as interconnected rigid bodies. We neglect in this course the fact that all real mechanical components can deform, an assumption that must, of course, be justified. The physical model of the mechanical device to be analyzed is given in the problem statement, where usually the simplifying assumptions made are either given or are obvious. This is not the case in real engineering practice. Real-world devices and systems are very complex and can be represented by a hierarchy of models, from the most realistic and complex to the simpler, less complex, and more amenable to analysis and design iteration (as discussed in Figure 2 ). Focus in this course is placed primarily on applying the laws of nature to the physical model and on developing the mathematical equations of motion, and then predicting the dynamic behavior through the solution of the equations of motion using computer tools such as the MATLAB learned the previous year.
This course addresses sources of frustration for students that arise:
 The approach to problem solving is often highly formulaic and does not place an emphasis on understanding. This promotes an ad hoc approach to problem solving and does not lead to student mastery of key concepts. This also impedes a student's growing understanding of the material as the course progresses. As a result, rather than solving problems systematically from first principles, students will try to solve problems either by emulating a problem solved in the book, by reverse engineering a solution using the numerical answer given, or by searching for formulas in which they could "plug and chug" information that they were given. The worst part is that students are at a loss as to how to proceed when given a new problem because they do not truly understand the key concepts.  The equations of motion are never completely developed and solved, and the behavior of the mechanical system is never observed and understood. Instead, motion at particular orientations or instants of time are solved for, which never leads to complete dynamic understanding.
Demonstration systems are used throughout the course to illustrate important concepts and to show complete dynamic motions. Two examples are shown in Figure 4 , the spring-pendulum dynamic system and the rotary inverted pendulum dynamic system. Presented in Figure 5 are Simulink and SimMechanics models which are used to solve the coupled nonlinear equations of motion for the spring pendulum system. With these models, students can develop a deeper understanding of the system by modifying input parameters and seeing their effect on the dynamic behavior of the system at all times. 
Modeling, Analysis, and Control of Dynamics Systems -Year 3
The base of this course is a standard course in most Mechanical Engineering curricula. The unique aspects are the integration throughout the course and the use of hardware systems to illustrate important concepts. There is a studio component during which the students perform time and frequency response measurements using Agilent function generators and oscilloscopes, as well as National Instrument LabVIEW with myDAQ and myRIO hardware. One of the systems studied in detail is a magnetic levitation system ( Figure 6 ) where students use skills developed in modeling and control to keep a ball levitated by sensing the ball's position with a phototransistor and modifying the force generated by the electromagnet to regulate the position. A full list of course topics are presented for the interested reader in Table 2 . 
Mechatronics System Design -Year 3
This course, typically a senior elective course, is offered in the second semester of the junior year to better prepare students for senior capstone design. Mechatronics is multidisciplinary systems engineering for the 21 st century (Figure 7 ). The word mechatronics was created in the 1970s to describe the integration of mechanisms and electronics in consumer products. It evolved in the 1990s into the creation of smart products through the integration of microprocessors and electronics with traditional mechanical systems. It has now come to mean multidisciplinary engineering system design, with the synergistic integration of sensors, electromechanical actuators, electronics, and real-time computer control with the multidisciplinary system occurring at the very start of the design process -no after-thought add-ons allowed -thus enabling complex decision making. The 12 course topics covered throughout the semester are shown in Table 3 . Two full weeks of the course, integrated throughout the course, are devoted to studio hardware/software exercises. The emphasis is on electro-mechanical and electro-hydraulic computer-controlled systems. Fluid power systems are usually left out of undergraduate mechanical engineering programs. They are emphasized here because they are so pervasive in real-world applications. An example of a mechatronic system case study used in the course is the reaction wheel inverted pendulum ( Figure 8 ). The students follow along through: (1) concept, (2) modeling, (3) analysis, (4) control design, (5) computer simulation with Simulink and SimMechanics, (5) construction and (6) real-time control implementation using LabVIEW with the NI myRIO. 
Multidisciplinary Engineering System Design (Capstone Design) -Year 4
In the fall of 2015, a goal was set for the capstone design course: have six different teams, each consisting of three to four students, design a computer-controlled, electro-mechanical dynamic system that could be used afterward as an experiment / demonstration for the laboratory portion of the junior-level Modeling, Analysis, and Control of Dynamic Systems course and Mechatronic System Design course. What this entailed was having the teams rigorously model, physically and mathematically, their proposed devices / systems, design a control system, simulate their operation using Simulink and LabVIEW, and then incorporate the sensors, motors, electronics, and mechanisms into the actual physical system (Figure 9 ). The real-time control was implemented using the National Instruments myRIO, a powerful real-time controller. The most challenging part, after they created the virtual prototype, was to fabricate the actual prototype. The final products which emerged from this semester-long process included: a selfbalancing transporter (Figure 10 ) which would remain stable when pushed off its equilibrium position; a magnetic suspension system to maintain an object suspended beneath a magnet away from physical supports; a linear control motion system, designed for the FESTO Corporation as an exhibition display; an H-Bot gantry system, to be used for two-dimensional positioning of an end effector; a one-dimensional shake table, to execute the back and forth accelerations of an earthquake on a model building placed on the table; and a simple pendulum, employing an accelerometer and rate gyroscope mounted on the pendulum mass and a technique called sensor fusion to create a virtual sensor to accurately generate the pendulum angle. Six systems were designed and six systems were operational, in one semester's time. The laboratories/studios now have new demonstration systems to enhance student education. 
Conclusion
In summary, model-based design has been integrated in select required courses throughout the Mechanical Engineering curriculum, starting freshman year through senior year. The courses include: (1) Introduction to Engineering Problem Solving, (2) Engineering Dynamics, (3) Modeling, Analysis, and Control of Dynamic System, (4) Mechatronics System Design, and (5) Multidisciplinary Engineering System Design (Capstone Design). The emphasis of model based design is intended to best prepare students for careers in evolving engineering industries. These industries rely on innovation through understanding and developing complex multidisciplinary systems for product development. As students progress through these courses, their understanding, insight, and ability to solve real-world problems will be assessed, mainly through their performance in senior capstone design and through after-graduation surveys. Results will be reported as they become available.
